The hippocampus is important for learning and memory. It is also one of the few regions in the adult mammalian brain that can generate new neurons (adult hippocampus neurogenesis, AHN). It is suggested that altered hippocampal neurogenesis, by stress or aging, is related to pathophysiology of mood disorders, such as depression. On the other hand, AHN is robustly stimulated by voluntary and treadmill running, and accumulating knowledge indicates that the beneficial effects of exercise on cognition and mental health may be mediated, at least in part, by exercised-induced AHN. Thus, it is important to elucidate the mechanisms underlying exercise-induced AHN. However, the mechanisms and exercise conditions (intensity and frequency etc.) that activate AHN are still undetermined. Since high-intensity exercise elicits a stress response, mild exercise without a stress response may be a useful model for increasing AHN. To address this hypothesis, we used treadmill running, which can be controlled for speed, and developed a mild-intensity treadmill exercise model below the lactate threshold (LT, about 20 m/min) and minimal stress response; the LT is a physiologic index of moderate exercise intensity established in rats, as in humans. Recently, we have demonstrated that mildintensity exercise enhances hippocampal neuronal activity, neurotrophic factors and neurogenesis. Therefore, a mild exercise model is shown that enhances cognitive functions, and further information, through mechanistic studies with the model, will be of benefit for developing effective exercise programs enhancing cognitive functions in humans, especially in vulnerable people with poor physical fitness.
Introduction
Physical exercise has a powerful impact on the brain as well as muscles. Indeed, evidence is accumulating that exercise has profound benefits for brain function. In humans, regular or acute exercise has been associated with enhanced performance on tasks of executive function/ working memory 1, 2) . Furthermore, Kramer et al. reported that exercise increases the size of the hippocampus, a brain area important for learning and memory 3) . The hippocampus has the capacity for generating new neurons even in adulthood (adult hippocampal neurogenesis, AHN), and AHN relates closely to the cognitive function depending on the hippocampus 4, 5) . In animal studies, stress and aging decrease AHN, resulting in the pathophysiology of mood disorders and neurodegenerative disease, such as depression 6) . On the other hand, exercise restores or increases AHN; and there is a strong correlation between exercise-induced neurogenesis and learning 4, 5) . However, it is undetermined what exercise conditions enhance AHN. This is because the only available condition for voluntary running is distance; although there are numerous reports on exercise-induced AHN using wheel running. It is well known that high intensity induces a stress response. Since excess stress responses dampen AHN, the benefit of exercise is likely to be different depending on exercise intensity. Thus, in this review, we discuss the effect of treadmill running at different intensities, which is our original model, on AHN and the mechanisms underlying mild exercise-induced AHN.
History of adult hippocampal neurogenesis
For a long time, it was considered that there was no way to generate new neurons in an adult brain. Indeed, Cajal 7) , who is known as the patriarch of neuroscience, advocated "Once development was ended, the fonts of growth and regeneration of the axons and dendrites dried up irrevocably. In adult centers, the nerve paths are something fixed, ended and immutable. Everything may die, nothing may be regenerated". In initial studies in the 1960s, Altman and Das 8) reported continued cell division *Correspondence: hsoya@taiiku.tsukuba.ac.jp in the postnatal and adult hippocampus, by using tritiated thymidine autoradiography (a labeling technique leveraging the absorption of thymidine against cellular division); but their results were not verified due to methodological problems. The labeled thymidine competes with endogenous thymidine, in the S phase of cell division, and is permanently incorporated into the DNA. However, it could not be easily combined with a neuronal specific marker. In particular, a combination of radiography with immunofluorescence is not possible. Thus, it remains obscure whether newborn cells differentiate into neurons, although subsequent reports about adult neruogenesis are based on thymidine autoradiography 9) . At last, in the 1990s, the thymidine analog 5-bromo-2-deoxyuridine (BrdU) method broke through the "no-new neurons" thinking of the day 10) . Because BrdU is detected with antibodies, its fluorescent visualization can be combined with other markers. Using this method, Kuhn et al. and Erikson et al. showed that newborn cells could become neurons in the rodent 11) and human 12) hippocampus. It is now confirmed that adult neurogenesis occurs in two brain areas: the subventricular zone (SVZ) of the lateral ventricles/olfactory bulb and subgranular zone (SGZ) of the hippocampal dentate gyrus (Fig. 1A) . Furthermore, so many studies have demonstrated that adult hippocampal neurogenesis has a pivotal role in hippocampus dependent learning and memory.
Differentiation of newborn cells in adult hippocampus
It is well known that newborn hippocampal cells pass through several stages, such as proliferation, migration, differentiation, and survival, as they differentiate into mature neurons (Fig. 1A) . The processes have been identified by their specific morphologies and molecular markers 13) . In the SGZ of the dentate gyrus, the new neurons are derived from two types of multipotent adult neural stem cells. Type 1 cells are identified by specific markers such as glial fibrillary acidic protein (GFAP), even though they are not astrocytes, and they have long radial processes and ramification in the inner molecular layer of DG. Type 2 cells expressing Sox2 and nestin, but not GFAP, have short processes and undergo a series of developmental steps, beginning with axonal and dendritic growth, followed by spine formation and maturation over a course of 2 months. These cells express a sequential series of markers during maturation, starting with nestin, doublecortin (DCX), and finally the mature neuronal marker NeuN 13) . However, all newborn cells don't become mature neural cells, and some of them become glial cells 14) . Although the mechanism is very complicated, the activation of NeuroD1 is responsible, at least in part, for neuronal differentiation 15, 16) . NeuroD1 is a proneural basic helix-loophelix (bHLH) transcription factor that plays a pivotal role in the development of neurons. The transcriptional activation of NeuroD1 is dependent on Wnt3a/b-catenin activation, which is released by astrocytes to trigger neurogenesis, and removal of Sox2 repression. Thus, a close relationship between Sox2 and Wnt3a/b-catenin signaling represents an important mechanism underlying neuronal differentiation 17, 18) . Furthermore, adult-born neurons are integrated into the neural networks. The integration into the circuitry of the adult hippocampus suggests an important role for AHN in learning and memory.
The robust effect of exercise on AHN
Hippocampal neurogenesis is regulated by various factors. For instance, stress and aging decrease neruogenesis, resulting in depression or dementia. On the other hand, an enriched environment and exercise enhance neurogenesis. Kempermann et al. were the first to show a positive effect of environmental enrichment on neurogenesis 19) . They demonstrated that mice living in an enriched environment had increased levels of AHN compared to controls. These mice were also tested with a spatial memory task depending on hippocampal function. The enriched mice learned faster than controls, raising the possibility that the enhancement of AHN contributes to enhanced cognition 19) . However, environmental enrichment has many aspects such as learning, socialization, and physical activity. Van Prrag et al. evaluated the effect of each component on AHN by assigning adult mice to various conditions: learner, swimmer, voluntary wheel running, and enriched and standard housing groups. They demonstrated that voluntary exercise is sufficient for enhanced neurogenesis in the adult mouse dentate gyrus 20) . Furthermore, Ehninger and Kempermann compared wheel running in mice to enrichment without wheel running, and the results showed more BrdU-positive cells in the running than in the enriched condition 21) . In subsequent studies, there was no longer any doubt about exercise-induced neurogenesis [22] [23] [24] [25] [26] . Interestingly, it was found that there was no effect of physical activity on neurogenesis in the subventricular zone or olfactory bulb 27) , although the production of new olfactory neurons can be enhanced by exposure to odor stimulation 28) . Taking these findings into consideration, exercise is a robust inducer of AHN, and the beneficial effect is specific to hippocampal neurogenesis. The strong correlation between increased neurogenesis and learning following exercise, suggested that the exercise-induced new neurons might play an important role in cognition.
Effect of treadmill running at different intensities on AHN
There are numerous reports on exercise-induced AHN using wheel running, although both wheel 4, 19, 29, 30) and treadmill exercise enhanced AHN 25, 26, [31] [32] [33] . Of the conditions of voluntary running, however, only running distance has been measured. Thus, it is still undetermined what exercise conditions (intensity and frequency etc.) activate AHN. To address this issue, we made a treadmill running protocol, which allowed us to control the speed at different intensities based on the lactate threshold (LT). When exercise intensity (running speed) exceeds the LT (50% to 60% of maximum oxygen intake in rats and humans), both the blood levels of lactate and ACTH (typical systemic markers in response to biological stress) rise rapidly, leading to the release of glucocorticoids (GC) 34) ( Fig. 1B) . Thus, we regard exercise that exceeds the LT (supra LT) (moderate or intense exercise) as stress-inducing (exercise stress), while exercise below the LT (mild or light intensity) as stress-free, much as in humans [35] [36] [37] . Therefore, the benefit of exercise is likely to be different depending on exercise intensity, since stress-induced high GC levels dampen AHN.
In a subsequent study, we examined the effect of different exercise intensities, mild or intense exercise, on AHN. There are three principal stages of neurogenesis from progenitor cells in the hippocampus that can be distinguished using markers 38) : proliferation (ki67), differentiation (DCX), and survival (BrdU/NeuN). After 2 weeks of running exercise, all of the cells of hippocampal neurogenesis were enhanced with below-LT exercise 24) . This effect was insufficient in the supra LT group, although Ki67 positive cells significantly increased (Fig. 1C-E) . Furthermore, long-term below LT exercise (more than 4 weeks) showed the potential to enhance spatial memory (unpublished data). Such insights have led us to a new working hypothesis that the beneficial exercise intensity for the hippocampus is lower than that for the hypothalamic area, and this is also true for the plasticity of many neurons in the hippocampus.
The mechanisms underlying mild exercise-induced AHN
The neurogenic effects of exercise have been shown by many reports, and mild exercise has high potential as a useful model to enhance neurogenesis. However, the molecular mechanisms for exercise-induced AHN are not yet fully understood. The hippocampal dentate gyrus receives inputs from many areas of the brain and periphery through various growth factors, neurotransmitters and steroids (Table 1) neuronal activation. Here, as potential candidates of AHN with mild exercise, we refer to brain-derived neurotrophic factor (BDNF), insulin-like growth factor I (IGF-I), and androgens.
Enhancement of hippocampal neuronal activity with mild exercise. In order to investigate how the brain is activated with exercise, we also examined c-Fos protein expression (or c-fos gene expression) as a marker of neuronal activity. The hippocampus is divided into the Ammon's horn (CA1 to CA3) and DG based on cell structure, and c-Fos accumulation in both nuclei increased with exercise even below the LT, suggesting their thresholds for activation are lower compared to those of the hypothalamus 36, 37) . These results show that mild exercise (below the LT) should be enough to activate most brain regions (brain stem and hippocampus), with the exception of the hypothalamus.
In addition, to examine the enhancement of neuronal activity in real-time, we monitored local blood flow in CA1 using the laser doppler method 39, 40) . As neuronal activity becomes more frequent, local blood flow in the vicinity of the activated area increases to satisfy the increased demand for oxygen energy, a process known as "neurovascular coupling". We tried to monitor this regional cerebral blood flow in the hippocampus (Hip-CBF) based on neurovascular coupling. To monitor Hip-CBF during exercise, probes were directly inserted into the hippocampus of rats. Hip-CBF increased by an average of 25% after below-LT exercise, even after running at 10 m/min, which is the borderline between walking and running 39, 40) . At that time, we administered tetrodotoxin (TTX), a voltagedependent sodium channel blocker, using microdialysis, and observed that Hip-CBF decreased significantly 40) ( Fig. 2) . Similarly, Hip-CBF decreased using an NMDA receptor antagonist, MK-801, and a nitric monoxide (NO) synthesis inhibitor, L-NAME 39) . These results suggest that hippocampal activation was induced by below-LT exercise, which increased regional blood flow through neurovascular coupling.
BDNF as a promotion factor for exercise-induced AHN.
Cotman et al. 41, 42) , of the University of California, Irvine, were the first to report a possible role of BDNF in exercise effects enhancing hippocampal plasticity. They reported that the expression of BDNF, which is a member of the neurotrophin family and enhances brain plasticity, increases in the hippocampus and neocortex of spontaneously exercising rats in proportion to running distance 41) . Subsequently, many studies have demonstrated that exercise leads to increased levels of BDNF mRNA and protein [41] [42] [43] . We have also demonstrated that even acute mild exercise causes up-regulation of biosynthetic BDNF in the hippocampus 37) (Fig. 3) . These findings would suggest that an increase of BDNF results in exercise-induced AHN. Indeed, injecting BDNF directly into the hippocampus of rats can enhance proliferation in the DG 44) . BDNF is necessary for the long-term survival of new Wheel or Treadmill (37, 49) IGF-I IGF-I was increased in running animals, and the exercise-induced increase in cell proliferation could be blocked by scavenging circulating IGF-I. Treadmill (25, 60) VEGF Blockade of VEGF, with adenovirus or VEGF receptor Flk-1 inhibitor, prevented the induction of adult neurogenesis. Wheel or Treadmill (22, 23) FGF-Ⅱ FGF-ⅡmRNA is up-regulated in the hippocampus following exercise. The up-regulation might complement the effect of IGF-I on cell proliferation. Wheel (75) Neurotransmitters Acetylcholine In mice with partical cholinergic denervation, one report suggested that exercise increased neurogenesis. However, another study demonstrated that the effect of exercise was blocked. Wheel (76, 77) Glutamate Exercise increased hippocampal NMDA-R expression and has shown the lack of exercise-induced neurogenesis in NMDA-R knockout mice. Wheel or Treadmill (52, 78, 79) Serotonin Exercise elevated the levels of tryptophan hydroxylase, the enzyme involved in the synthesis of serotonin. In an enriched environment including wheel running, serotonin depletion caused a decrease in neurogenesis.
Wheel (80, 81) -endorphin -endorphin-deficient mice or administration of the mu receptor antagonist naltrexone decreased running-induced cell proliferation. Wheel (82, 83) Steroids Glucocorticoid Induction of cell proliferation in the dentate area by exercise is partly due to the downregulation of glucocorticoid/MR signaling, Treadmill (84) Estrogen Exercise increased cell proliferation even in ovariectomized (OVX) mice, although OVX rats decreased hippocampal BDNF expression. Wheel (85, 86) Androgen An androgen receptor antagonist, flutamide, not orchiectomy, completely blocked exercise-stimulation of cell differentiation and survival. Treadmill (24) 
Paracrine effect of hippocampus-synthesized androgens.
Recently, as a novel promotion factor of exercise-induced AHN, we demonstrated hippocampal androgenic mediation of neurogenesis 24) . Gonadal hormones enhance neuronal plasticity, as well as having a neuroprotective effect [62] [63] [64] [65] . In particular, the hippocampus is known to be a target of androgen action 64, 66, 67) , and Testosterone (T) and dihydrotestosterone (DHT) exert a neuroprotective effect through androgen receptors (ARs) in the hippocampus 64, 66, 68) . Although androgens are provided from the testes to the brain via the circulatory system, previous studies have revealed that androgens can be synthesized in the hippocampus [69] [70] [71] . We found that two weeks of mild running resulted in increased hippocampal DHT levels, but not levels of T or E2, independently of circulating androgens. Importantly, we confirmed that mild exercise significantly increases AHN, even in rats with orchidectomy (ORX) that have depleted circulating androgens. Furthermore, with the administration of flutamide, an androgen receptor, to ORX rats, the effects of exercise on differentiation or survival cells were completely blocked. These results strongly suggest a paracrine/autocrine effect of hippocampus-synthesized DHT, not periphery, on AHN.
Regarding the mechanism to increase androgen in the hippocampus, mild exercise induced-neuronal activity might cause enhancement of hippocampal DHT levels. Since hippocampal steroid synthesis is facilitated via N-methyl-D-aspartate (NMDA) receptors 39) . NMDAinduced steroid production in the hippocampus is mediated by the influx of Ca 2+ through NMDA receptors 69, 72) . Among them, a full-length (37-kDa) steroidogenic acute regulatory protein (StAR) in the mitochondria of the hippocampal neurons is processed to truncated 30-kDa StAR to transfer the cholesterol, used as a substrate of steroid in the inner mitochondrial membrane, and resulted in the significant production of steroids 72) . This means that hippocampal androgen synthesis is dependent on neural activity and results in the increase of AHN.
The mechanism of exercise-induced AHN is still unknown, although some of the beneficial effects of exercise on cognition and mood may be mediated by exercised-induced AHN 73) . The participation of several trophic factors has been proposed 41) . Androgen might increase BDNF 74) , resulting in enhancement of neurogenesis. Collectively, these findings imply a stimulatory role for hippocampal DHT in the cascade of molecular mechanisms that underlie exercise-induced AHN.
Conclusion
Even mild exercise can enhance hippocampal neurogenesis. Although the mechanism has remained elusive, neurons in the DG, as heterozygote BDNF null mice had fewer BrdU labeled cells 3 weeks after the initial BrdU injection 45) . Another study has shown that application of BDNF to dentate granule cells increases their survival and neuronal differentiation by 30-80% 46) . BDNF knockout mice exhibited about a 20% reduction in hippocampal cell proliferation 47) and no enhancement of hippocampal neurogenesis following environmental enrichment 48) . Furthermore, in conditional knockout mice of tropomyosin receptor kinase B (trkB) in the hippocampal neural progenitor cells, exercise-induced AHN was prevented 49) . Intriguingly, BDNF gene expression can be stimulated through neuronal activity, and this effect can be blocked by an NMDA receptor antagonist 50, 51) . Additionally, enhancement of BDNF expression by exercise is suppressed in knockout mice of the NMDA receptor 52) . These results suggest that wheel exercise may activate NMDA receptors in the hippocampus, which, in turn, may enhance BDNF production and neurogenesis.
Activity-dependent entrance of serum IGF-I into neurons. Torres-Aleman, at the Cajal Institute Laboratory of Neuroendocrinology, has suggested that blood borne IGF-I (produced mostly in the liver) is more important for brain plasticity, although IGF-I could be produced in the brain 53) . Indeed, blood-borne IGF-I modulates brain vessel growth 54) , adult neurogenesis 55) , and even cognitive function 56) . IGF-I has also been discussed as a key mediator, since it plays a prominent role in the growth factor cascade in response to exercise in the hippocampus 57) . Regarding its relationship to AHN, when infused peripherally or intracerebroventricularly, IGF-I induces both cell proliferation and neruogenesis 58, 59) . Additionally, the exercise-induced increase in cell proliferation can be blocked by scavenging circulating IGF-I using IGF-I null mutants 25, 60) and administration of an antibody that blocks the IGF-I effect and cancels many of the positive effects of exercise on the brain 60) . As one of the underlying mechanisms, blood borne IGF-I goes to the brain through the blood-brain barrier (BBB), and is absorbed by neurons in an activity-dependent manner as follows: neuronal excitation → active NMDA receptor -NO signal → vascular dilation → enhanced regional blood flow → serum IGF-I entry. In other words, neurovascular coupling is a key mechanism behind the passage of IGF-I into the brain. We found active neurons to be the specific mechanism for absorbing circulating IGF-I into the brain 61) . We demonstrated the mechanisms that trigger IGF-I entry across the BBB. Certain diffusible messengers (e.g. ATP, arachidonic acid derivatives), released during neurovascular coupling (mainly from astrocytes), caused the passage of serum IGF-I into the CNS through several molecular mechanisms mediated by MMP-9 (matrix metalloprotease-9), leading to cleavage of the IGF-I binding protein-3 61) . Collectively, these observations provide strong evidence supporting the entry hippocampal neuronal activity is most likely a key component of exercise-induced neruogenesis (Fig. 4) . The hippocampus is one of the brain loci highly sensitive to various stimulations. Indeed, hippocampal neurons are activated with mild exercise. Such activation might induce promotion factors such as BDNF, IGF-I and androgens, resulting in enhancement of AHN. Intriguingly, the effect of supra-LT exercise is not higher than that of below-LT. This would be due to inhibitory factors such as glucocorticoid or TNFα, since supra-LT exercise elicits a stress response. In further studies, global analysis, such as microarray analysis, is needed to investigate the effect of exercise of different intensities on AHN. Our mild exercise model is clearly defined by LT. Since lactate accumulation, during exercise, occurs in humans as well as rats, if the mechanism underlying mild exercise-induced AHN is clarified, it is hoped that application of the effects to human can be done as "translational research". Previous knowledge implies that some pathway to enhance AHN arises from activation of hippocampal neurons, although the mechanism of exercise-induced AHN is still undetermined. Fig. 4 shows one hypothesis. Mild exercise enhances hippocampal neuronal activity (①) and the neuron would release glutamate. The activated NMDA-R induces BDNF expression (②) or androgen synthesis (③) through some kinases or Ca 2+ influx. Furthermore, neuronal activation facilitates to take in IGF-I from the blood (④). Finally, these factors induce hippocampal neurogenesis (⑤).
